Introduction {#s1}
============

Abnormalities in blood flow autoregulation at the posterior pole of the eye have been implicated in a variety of eye diseases including glaucoma, diabetes and age-related macular degeneration\[[@B1]--[@B6]\]. Although some support for this involvement has been provided, studies that investigated autoregulatory behavior in the human optic nerve head (ONH) are sparse.

Autoregulation of ONH blood flow was reported in a variety of animal and human studies\[[@B7]--[@B16]\]. We recently reported on the behavior of ONH blood flow during both an increase and a decrease of ocular perfusion pressure (OPP) in healthy subjects\[[@B17]\]. In this study we did, however, also observe that there is a wide interindividual variability of this response and we were able to identify a subgroup of subjects with abnormal ONH blood flow autoregulation patterns. In this previous study we used a 6-minutes squatting period to increase blood pressure in order to achieve OPP values above the upper limit (approximately 64 mmHg in the sitting position) of autoregulation.

This procedure of increasing OPP can, however, not be performed in the elderly or in patients with age-related eye disease. In the present study we set out to study the regulation of ONH blood flow during handgripping, a less demanding type of isometric exercise that has been used previously to study ocular blood flow autoregulation\[[@B18],[@B19]\]. This was done in an effort to confirm and extend our previous data indicating that there are subjects with abnormal ONH blood flow autoregulation. In addition, we tried to get insight whether a protocol using repeated periods of handgripping may be an adequate approach to study ONH autoregulation in elderly patients with ocular disease.

Materials and Methods {#s2}
=====================

The present study was performed in adherence to the Declaration of Helsinki and the Good Clinical Practice (GCP) guidelines. The study protocol was approved by the Ethics Committee of the Medical University of Vienna and registered online prior to the beginning (Clinicaltrials.gov: NCT01663883, http://clinicaltrials.gov/ct2/show/NCT01663883). Forty healthy subjects aged between 19 and 35 years were included in this study. The nature of the study was explained to all subjects and written informed consent was obtained before participation. Each subject passed a screening examination that included medical history and physical examination. Subjects were excluded if they took any medication in the previous 3 weeks, were smokers, as well as if any abnormality was found as part of the pretreatment screening unless the investigators considered the abnormality to be clinically irrelevant. Moreover, an ophthalmic examination, including slit lamp biomicroscopy, indirect funduscopy and applanation tonometry, was performed. Inclusion criteria were normal ophthalmic findings, ametropia of less than 3 diopters, anisometropia of less than 1 diopter and intraocular pressure (IOP) \< 20 mmHg.

The sample size calculation of the present study was based on the variability of our data as obtained in previous studies investigating ONH blood flow in our laboratory\[[@B17],[@B20]\]. A repeated measures ANOVA model was underlying this sample size calculation. Given the variability in our previous experiments, an alpha error of 0.05 and a power of 0.80 a sample size of 40 healthy subjects was calculated to detect changes in ONH blood flow of 10%. Changes smaller than 10% were considered to be irrelevant.

Experimental design {#s2.1}
-------------------

Subjects had to abstain from beverages containing xanthine derivates in the 12 hours before the trial day and arrived after a light meal and sleep for 7-8 hours. Dilatation of the pupil was obtained with topical tropicamide (Mydriaticum Agepha-Augentropfen, Vienna, Austria). After a resting period of at least 20 minutes in a sitting position, baseline measurements of systemic hemodynamics were performed. Stability of blood pressure and pulse rate was verified by repeated measurements before the actual experiments were started. Thereafter, ONH blood flow was measured continuously using laser Doppler flowmetry during rest and during isometric exercise with a handgrip. The following sequence was applied: rest-handgrip-rest-handgrip-rest-handgrip-rest while each period lasted for 2 minutes ([Table 1](#pone-0082351-t001){ref-type="table"}). Systemic hemodynamics were measured every minute. IOP was assessed at the beginning and at the end of the study day.

10.1371/journal.pone.0082351.t001

###### Experimental design.

  ---------------------------- ------ ------ ------ ------ ------ ------ ------ ------ ---- ---- -------
  BL 1                         HG 1   RE 1   BL 2   HG 2   RE 2   BL 3   HG 3   RE 3             
  ONH blood flow measurement                                                                     
  1-2                          3      4      5      6      7      8      9      10     11   12   13-14
  Time (minute)                                                                                  
  ---------------------------- ------ ------ ------ ------ ------ ------ ------ ------ ---- ---- -------

BL = baseline; HG = handgripping; RE = recovery

Measurements {#s2.2}
------------

### Systemic hemodynamics {#s2.2.1}

Systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean arterial blood pressure (MAP) were monitored on the upper arm by an automated oscillometric device. Pulse rate (PR) was automatically recorded from a finger pulse-oxymetric device (HP-CMS patient monitor, Hewlett Packard, Palo Alto, CA). The performance of this system has been reported previously\[[@B21]\].

### Laser Doppler flowmetry {#s2.2.2}

ONH blood flow was continuously measured employing a fundus camera-based laser Doppler flowmetry as described previously (Oculix 4000, Oculix, Arbaz, Switzerland)\[[@B17],[@B22],[@B23]\]. This technique uses coherent laser light to illuminate the vascularized tissue and uses the different scattering properties of static and moving cells to obtain blood flow data. Whereas light scattered by the moving red blood cells undergoes a frequency shift, light scattered by static tissue does not change light frequency, but leads to randomization of light directions impinging on red blood cells. Hence, red blood cells receive light from numerous random directions. The Doppler shift power spectrum is broadened by scattered light since the frequency shift depends not only on the velocity of the moving blood cells but also on the angle between the incident and the scattered light. Blood flow, velocity, and volume can be determined based on a theory of light scattering in tissue. Velocity is the mean velocity of the red blood cells moving in the sampled tissue proportional to the mean Doppler frequency shift. Volume is the number of moving red blood cells in the sampled tissue proportional to the amount of Doppler shifted light. Blood flow was calculated as the product of velocity and volume. Only data with a direct current (DC) value of ± 15% to the baseline value were included for analysis. The laser beam was directed towards the temporal neurovascular rim and any visible vessels within the scattering volume were avoided. The measurements were performed by two investigators, one who controlled the position of the laser beam to the subjects' eye as well as the adequate fixation and the other controlled the signal on the computer.

### Intraocular pressure and ocular perfusion pressure {#s2.2.3}

Intraocular pressure (IOP) was measured using a slit-lamp mounted Goldmann applanation tonometer. In order to achieve local anesthesia of the cornea, one drop of 0.4 % benoxinate hydrochloride combined with 0.25 % sodium fluorescein was instilled before each measurement. Ocular perfusion pressure in the sitting position was calculated as 2/3\*mean arterial blood pressure (MAP) -- IOP\[[@B24]\].

### Handgripping {#s2.2.4}

During handgripping, the subject was instructed to rest his or her forearm on a table with the elbow at an angle of 90° during muscular contraction. The isometric handgrip was performed for 120 seconds at 75% of previously determined individual maximal voluntary contraction using a handgrip dynamometer.

Data analysis {#s2.3}
-------------

A repeated measures ANOVA model was used to analyze data. Post hoc analyses were done using planned comparisons. For this purpose the time effect was used to characterize the effect of handgripping on the outcome parameters. In addition, we analyzed individual blood flow traces to test the hypothesis that in some subjects blood flow may change during recovery as seen in the experiments presented in Schmidl et al. 2012\[[@B17]\]. As such we categorized data according to an increase or a decrease of more than 10% and analyzed during how many handgripping periods this was seen. In addition, we analyzed the reproducibility of the data. Two measures of reliability were calculated based on our measurements. The intraclass correlation coefficient (κ) was calculated based on an ANOVA model\[[@B25]\]. κ is calculated using the variance among subjects (ν~s~), the variance among measurements (ν~M~), and the residual error variance (ν~e~) and is given by
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The higher the intra-class correlation coefficient the better is the reproducibility of the method. A κ of 1 reflects perfect reproducibility. In addition, the coefficients of variation were calculated. For this purpose, the standard deviation (SD) was calculated for each subject individually. By dividing the SD by the individual mean of ONH blood flow a coefficient of variation (CV) was calculated. As a measure of reproducibility the mean and SD of these individual CVs are presented. All calculations were done for the measurements at baseline, during handgripping and during the recovery period. For data description % changes over baseline were calculated. A p-value \< 0.05 was considered the level of significance. Statistical analysis was carried out using CSS Statistica for Windows® (Statsoft Inc., Version 6.0, Tulsa, CA).

Results {#s3}
=======

The baseline characteristics of the subjects are presented in [Table 2](#pone-0082351-t002){ref-type="table"}. All participating subjects finished the study as scheduled and no adverse reactions were observed. In one subject, however, no adequate readings of ONH blood flow were obtained and data are therefore presented for 39 subjects only. The effect of isometric exercise on MAP and PR is shown in [Table 3](#pone-0082351-t003){ref-type="table"}, the effect on OPP and ONH blood flow is depicted in [Figure 1](#pone-0082351-g001){ref-type="fig"}. Intraocular pressure did not change in the present experiments (baseline: 13.9 ± 1.4 mmHg; end of study: 13.5 ± 1.2 mmHg, p = 0.682). As expected, isometric exercise induced a significant increase in both MAP and PR during the three periods of isometric exercise (p \< 0.001 each, ANOVA). As such a significant increase was also seen in OPP during isometric exercise (p \< 0.001, ANOVA). By contrast no effect on ONH blood flow was observed (p = 0.112, ANOVA).

10.1371/journal.pone.0082351.t002

###### Demographic and baseline characteristics of the subjects participating in the study (n=40, mean ± SD).

  Age (years)                                     23.9 ± 3.5
  ----------------------------------------------- -------------
  Sex (M/F)                                       20/20
  Systolic blood pressure (mmHg)                  117.8 ± 9.5
  Diastolic blood pressure (mmHg)                 66.0 ± 8.7
  Mean arterial pressure (mmHg)                   83.3 ± 7.3
  Pulse rate (beats per minute)                   71.1 ± 13.4
  Intraocular pressure (mmHg)                     13.9 ± 1.4
  Ocular perfusion pressure (mmHg)                44.0 ± 5.3
  Optic nerve head blood flow (arbitrary units)   21.2 ± 6.3

10.1371/journal.pone.0082351.t003

###### Effects of isometric exercise (handgripping, 3 periods) on mean arterial pressure, pulse rate, ocular perfusion pressure, and optic nerve head blood flow in all patients (n=39, means ± SD).

                     Before 1^st^ period   During 1^st^ period   After 1^st^ period      Before 2^nd^ period   During 2^nd^ period   After 2^nd^ period      Before 3^rd^ period   During 3^rd^ period   After 3^rd^ period
  ------------------ --------------------- --------------------- ----------------------- --------------------- --------------------- ----------------------- --------------------- --------------------- --------------------
  MAP (mmHg)         83.7 ± 7.5            96.7 ± 10.2           84.2 ± 7.7              85.7 ± 7.4            98.7 ± 11.4           84.5 ± 7.7              83.9 ± 7.1            99.2 ± 12.0           82.5 ± 7.0
  PR (beats min-1)   71.0 ± 13.2           81.8 ± 13.6           72.0 ± 12.2             72.6 ± 11.8           82.6 ± 15.7           72.7 ± 13.2             72.7 ± 12.5           84.0 ± 15.7           72.7 ± 13.0
  OPP (mmHg)         44.0 ± 5.2            53.5 ± 6.8            45.3 ± 4.8              44.3 ± 5.2            55.3 ± 8.4            46.0 ± 5.6              45.2 ± 4.9            57.1 ± 7.5            44.6 ± 6.4
  ONHBF (a.u.)       21.7 ± 4.1            21.4 ± 4.0            21.4 ± 4.1              21.9 ± 3.7            21.8 ± 4.0            22.0 ± 3.7              22.1 ± 3.9            21.4 ± 4.2            21.8 ± 3.9

MAP = mean arterial pressure; PR = pulse rate, OPP = ocular perfusion pressure; ONHBF = optic nerve head blood flow; a.u. = arbitrary units.

![Effect of handgripping on ocular perfusion pressure (OPP, panel A) and optic nerve head blood flow (ONH blood flow, panel B).\
Three periods of isometric exercise were scheduled for each subject (n=39). Data are presented before during and after the 1^st^ handgripping experiment (BL1, HG1, RE1), before during and after the 2^nd^ handgripping experiment (BL2, HG2, RE2) and before during and after the 3^rd^ handgripping experiment (BL3, HG3, RE3). In the box-and-whisker blots the medians, standard deviations (SD) and 1.96 ± SDs are shown.](pone.0082351.g001){#pone-0082351-g001}

Reproducibility was separately studied for baseline ONH blood flow data, for ONH blood flow data during isometric exercise and for ONH blood flow data during the recovery period. The intraclass correlation coefficient was 0.91, 0.86 and 0.88 for baseline, isometric exercise and recovery period, respectively. The good reproducibility of our data is also mirrored in the coefficients of variation, which were 7.0% at baseline, 10.1% during isometric exercise and 8.8% in the recovery period.

The frequency of blood flow changes of more than 10% is summarized in [Table 4](#pone-0082351-t004){ref-type="table"}. Three subjects showed a decrease of more than 10% in ONH blood flow during recovery at all 3 periods of isometric exercise. Unexpectedly, however, we also saw three other subjects who consistently showed an ONH blood flow reduction of more than 10% during isometric exercise. In some subjects an increase in ONH blood flow of more than 10% was seen either during or after isometric exercise during single periods. However, in none of the participating subjects ONH blood flow consistently increased by more than 10% during or after handgripping. The individual data of the subjects that showed a consistent abnormal response either during exercise or during recovery are presented in [Table 5](#pone-0082351-t005){ref-type="table"}.

10.1371/journal.pone.0082351.t004

###### Frequency of abnormal blood flow changes of more than 10% (n=39).

  **Change in optic nerve head blood flow of \> 10%**       **Number of subjects**
  --------------------------------------------------------- ------------------------
  **During handgripping**                                   
  Decrease of more than 10% during 1, 2, or all 3 periods   3/0/3
  Increase of more than 10% during 1, 2, or all 3 periods   6/0/0
  **During recovery**                                       
  Decrease of more than 10% during 1, 2, or all 3 periods   0/0/3
  Increase of more than 10% during 1, 2, or all 3 periods   6/0/0

10.1371/journal.pone.0082351.t005

###### Effects of isometric exercise (handgripping, 3 periods) on mean arterial pressure, pulse rate, ocular perfusion pressure, and optic nerve head blood flow in the subgroup of subjects that showed abnormal blood flow patterns either during (n=3) of after (n=3) isometric exercise defined as a decrease of more than 10% (individual data are presented as % change from baseline).

                                                                                             Exercise 1   Recovery 1   Exercise 2   Recovery 2   Exercise 3   Recovery 3
  ------------------------------------------------------------------------------------------ ------------ ------------ ------------ ------------ ------------ ------------
  Subjects with a consistent decrease in ONH blood flow during all the periods of exercise                                                                    
  Subject 1                                                                                                                                                   
  MAP (mmHg)                                                                                 14.2         2.3          15.6         2.1          21.1         -4.8
  PR (beats min-1)                                                                           13.0         -1.9         17.6         4.9          20.8         -1.3
  OPP (mmHg)                                                                                 21.1         3.0          24.0         2.8          28.9         -6.9
  ONHBF (a.u.)                                                                               -11.2        1.0          -14.3        2.7          -35.5        -7.3
  Subject 2                                                                                                                                                   
  MAP (mmHg)                                                                                 16.0         -4.3         12.9         -5.9         18.0         4.9
  PR (beats min-1)                                                                           12.3         2.9          9.8          3.9          14.1         4.6
  OPP (mmHg)                                                                                 22.9         -5.9         17.4         -7.2         25.4         6.9
  ONHBF (a.u.)                                                                               -32.3        1.5          -18.0        1.3          -31.7        2.4
  Subject 3                                                                                                                                                   
  MAP (mmHg)                                                                                 8.0          2.8          9.5          1.0          11.7         -0.7
  PR (beats min-1)                                                                           12.9         8.1          14.2         -5.9         16.4         0.0
  OPP (mmHg)                                                                                 12.0         4.2          13.9         1.6          16.5         -1.1
  ONHBF (a.u.)                                                                               -15.6        2.9          -11.4        14.1         -20.4        -5.3
  Subjects with a consistent decrease in ONH blood flow during all the recovery periods                                                                       
  Subject 4                                                                                                                                                   
  MAP (mmHg)                                                                                 17.2         -3.9         19.1         -2.9         21.4         -6.0
  PR (beats min-1)                                                                           21.8         0.8          22.5         9.2          17.9         -5.1
  OPP (mmHg)                                                                                 23.9         -5.9         26.0         -4.5         28.9         -8.9
  ONHBF (a.u.)                                                                               2.4          -26.6        -5.0         -19.7        7.3          -18.2
  Subject 5                                                                                                                                                   
  MAP (mmHg)                                                                                 9.3          4.3          10.7         -1.8         10.5         -7.1
  PR (beats min-1)                                                                           8.9          -4.5         9.3          -6.1         12.7         -7.9
  OPP (mmHg)                                                                                 14.2         6.8          15.9         -3.0         15.6         -10.0
  ONHBF (a.u.)                                                                               -2.1         -22.9        -2.7         -19.7        5.5          -17.8
  Subject 6                                                                                                                                                   
  MAP (mmHg)                                                                                 14.8         -3.8         12.0         7.0          17.9         -0.8
  PR (beats min-1)                                                                           21.9         9.1          22.9         3.0          19.2         0.0
  OPP (mmHg)                                                                                 21.9         5.7          17.8         10.3         26.3         -1.3
  ONHBF (a.u)                                                                                -11.1        -21.7        5.1          -11.2        7.0          -10.6

MAP = mean arterial pressure, PR = pulse rate, OPP = ocular perfusion pressure; ONHBF = optic nerve head blood flow; a.u. = arbitrary units.

Discussion {#s4}
==========

The present study confirms previous data showing that in humans ONH blood flow is autoregulated. During a handgrip-induced increase in OPP of approximately 15 mmHg ONH blood flow did not change indicating that the ONH vasculature vasoconstricts in response to the increase in perfusion pressure thereby keeping perfusion constant. In keeping with our previous data\[[@B17]\] some individuals showed abnormal ONH blood flow autoregulation patterns. In our previous study we observed in some subjects that during squatting ONH blood flow fell below baseline levels during OPP fluctuations, although absolute OPP was considerably higher than at baseline. The present study was designed to confirm and extend these data.

As such we chose three repeated periods of a less demanding form of isometric exercise with intermitting resting periods. We hypothesized that in some subjects ONH blood flow might fall below baseline. To quantify whether this is consistently seen we defined a more than 10% decrease as an abnormal response. Indeed, we observed a subgroup of 3 healthy subjects in whom ONH blood flow values fell below baseline during the recovery periods although blood pressure was not lower than baseline. In addition, three other subjects showed a consistent decline of ONH blood flow during isometric exercise although their blood pressure values increased.

Whereas these data are well compatible with our previous studies\[[@B17]\], the reason for this behavior remains unclear. In autoregulation the vasculature produces vasoconstrictors to counteract the increase in perfusion pressure in order to keep blood flow constant\[[@B26]--[@B28]\]. As such it is one possibility that subjects with abnormal autoregulation flow patterns show an overproduction of vasoconstrictors. This hypothesis is, however, difficult to prove, because the mechanisms underlying ONH autoregulation are largely unknown. We have recently shown that endothelin~A~ receptor blockade modifies the response of ONH blood flow to isometric exercise\[[@B29]\] as it does in the choroid\[[@B30]\]. Nitric oxide (NO) synthase inhibition which alters the response of choroidal blood flow to isometric exercise\[[@B31]\] does not alter the response in the ONH\[[@B32]\] although animal data suggest an involvement of NO in ONH autoregulation\[[@B10],[@B33]\]. In addition, a recent study indicates that astrocytes are involved in the autoregulatory response of the ONH in face of changes in OPP\[[@B11]\]. A contribution of the central nervous system to ONH autoregulation can be excluded, because the anterior ONH vasculature lacks autonomic innervation\[[@B34]\].

Whether abnormal ONH blood flow response patterns to changes in OPP predispose to ocular vascular diseases is unknown. For several common eye diseases such as diabetic retinopathy\[[@B2],[@B35]\] and glaucoma\[[@B5],[@B6],[@B36]\] abnormalities in ocular blood flow autoregulation have been reported. In primary open glaucoma reduced OPP is a risk factor for the disease\[[@B6],[@B37]--[@B39]\] and it has been hypothesized that ONH blood flow falls below the lower limit of autoregulation during periods of low blood pressure or high IOP\[[@B26]\]. Whether abnormal ONH blood flow response patterns, as observed in the present study, are more frequent in glaucoma is unknown. In the choroid glaucoma patients show abnormal autoregulation in response to handgripping as compared to healthy subjects\[[@B19]\]. The protocol used in the present study may be sufficient to study ONH autoregulation also in patients with vascular disease.

Several limitations need to be considered for this study. The selection of a 10% change in ONH blood flow to define an abnormal response is arbitrary. Unfortunately there is currently no data available indicating which degree of ONH ischemia is detrimental for the ONH tissue. Our reproducibility data indicate, however, that 10% changes in ONH blood flow can be detected with the present protocol. Interestingly, reproducibility data were better than those previously reported from our laboratory several years ago\[[@B40],[@B41]\]. Several factors may contribute to this observation. On the one hand our previous study assessed reproducibility over several hours, whereas in the present study subjects did not remove their heads from the headrest during the entire period, making positioning of the patient in front of the instrument less of a problem. In addition, we did some minor modifications to the original instrument including an improved fixation target and an alternative coupling of the light source to the fundus camera. We do not know whether such excellent reproducibility can also be achieved in elderly patient groups. It is also unclear whether the margin of 10% selected in this study is clinically meaningful. For this purpose studies need to be performed in relevant patient groups investigating specificity and sensitivity.

Another issue relates to the definition of the recovery period and the schedule of our protocol. We decided to keep the experiment as short as possible and therefore defined the first minute after exercise as recovery and the second minute as baseline for the following period of exercise. In those patients who had a decrease in ONH blood flow during recovery (Subjects 4-6 in [Table 5](#pone-0082351-t005){ref-type="table"}) we observed that blood flow values were typically back at baseline after 60 seconds and that the decrease in ONH blood flow peaked approximately 20-30 seconds after cessation of exercise. We did not measure IOP during the handgripping experiments, but only at the beginning and the end of the study day. We deem it, however, unlikely that this represents a major problem, because even in our previous studies where blood pressure was raised to much higher levels using squatting the effects on IOP were considerably small\[[@B29]--[@B32],[@B42]\]. In addition, there is evidence that LDF only assesses the anterior parts of the ONH vasculature\[[@B22]\]. As such our results cannot necessarily be applied to the posterior ONH, a limitation that has been discussed in more detail in a previous paper\[[@B17]\].

In conclusion, our data indicate that ONH blood flow is well autoregulated when OPP is increased by isometric exercise by approximately 15 mmHg. In three subjects, however, we observed that ONH blood flow decreased by more than 10% during all periods of isometric exercise although OPP was elevated. In three other subjects ONH blood flow decreased by more than 10% in the recovery period that followed isometric exercise. Whereas this is in keeping with our previous data both, the reason for this behavior and the potential consequences for the incidence of ocular diseases are unclear.
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